Q uaternary amines, such as glycine betaine (N,N,N-trimethylglycine or GB), carnitine, and choline are abundant in nature, playing wide-ranging roles in the ecology and physiology of microbes, marine organisms, plants, and animals. GB is an important compound in marine or brackish environments in which it acts as a common compatible solute for many prokaryotic and eukaryotic organisms (1) (2) (3) . Carnitine can also function as a compatible solute but is especially abundant in animal tissues due to its role in mitochrondrial transport of fatty acids for energy metabolism (4, 5) . Legume plants make various quaternary amines, some of which are found in the rhizosphere (6) . In many environments, choline results from the breakdown of phosphatidylcholine, ensuring choline as an intermediate of phospholipid breakdown in environments as diverse as lake sediments and the human colon (7, 8) .
GB can be produced as an intermediate during choline and carnitine degradation (9, 10) . The route of catabolic bacterial degradation of GB differs markedly depending on the presence or absence of oxygen. Aerobically, various oxidases or dehydrogenases can oxidatively demethylate GB to dimethylglycine (DMG), and then to sarcosine (monomethylglycine) (11) (12) (13) (14) (15) (16) . Anaerobically, catabolic pathways containing GB reductase cleave GB to acetate and trimethylamine (TMA) as excreted products. GB reduction is often considered the sole fate of the compound under anaerobic conditions (17) (18) (19) . However, there have been sporadic reports in the literature that GB reduction is not the only route of microbial GB catabolism under anoxic conditions. Some sulfidogenic bacteria have been documented to demethylate GB to DMG while oxidizing methyl groups to CO 2 (1) . Acetogenic bacteria have been documented to use GB as a source for methyl groups and reducing equivalents (20, 21) . The pathway of GB catabolism by such organisms has not been elucidated.
Recent work has revealed a surprising connection between anaerobic degradation of quaternary amines and human health. Circulating trimethylamine N-oxide (TMAO) has been implicated in atherosclerosis leading to heart disease and stroke (22, 23) . The TMAO has been shown to arise from TMA, which is generated by anoxic gut microbial activity from precursors such as choline, carnitine, and GB (22, 23) .
If alternative means of quaternary amine degradation exist that do not generate TMA, the composition of gut microbiota between individuals could moderate the risk of heart disease. A putative oxygenase that demethylates GB has been identified (12) , but, thus far, no enzymes that could be active under anaerobic conditions. We have now found a source of such an enzyme in Desulfitobacterium hafniense strain Y51, an anaerobically respiring Grampositive bacterium. One strain of D. hafniense, DP7, was isolated from the human intestine (24) and lacks the ability to carry out organohalide respiration, a hallmark of the rest of this species (25) .
Significance
Pyrrolysine, the 22nd amino acid, is found in few proteins. One, the trimethylamine methyltransferase MttB, forms a small portion of a large family of proteins. Most in this family lack pyrrolysine and have no known activity. We show that one such protein, MtgB, is a glycine betaine methyltransferase, providing functional context that may explain the relationship between family members with and without pyrrolysine. Close relatives of MtgB are encoded in many of the abundant bacteria in the oceans, as well as different microbes undertaking symbioses ranging from plants to humans. This finding implies that MtgB might partake in a widespread and underappreciated pathway of GB metabolism contributing significantly to global carbon and nitrogen cycling as well as human health.
D. hafniense is one of few known microbes that carry the pyl genes to enable the biosynthesis and genetic encoding of pyrrolysine (Pyl), the 22nd amino acid (26, 27) . Organisms with the pyl genes also carry examples of Pyl-containing methyltransferases (28) . D. hafniense has an mttB gene with a pyrrolysine codon (pylmttB). Pyl-MttB proteins are the only known gene products to carry out TMA-dependent corrinoid methylation. Interestingly, the genome of D. hafniense Y51 encodes three homologs of mttB that lack pyl codons and are thus predicted to form non-Pyl MttB proteins (29) . Each of these non-Pyl mttB homolog genes is found in close proximity in the chromosome to a gene encoding a member of the betaine/choline/carnitine transporter (BCCT) family as well as genes encoding predicted corrinoid-binding proteins and methylcorrinoid:pterin methyltransferases (Fig. 1) .
This genomic proximity led us to hypothesize that non-Pyl MttB homologs function as corrinoid-dependent quaternary amine methyltransferases. We found that the DSY3156 gene encoding a non-Pyl MttB of D. hafniense is up-regulated during growth on GB, and the gene product is a GB:corrinoid methyltransferase, an enzymatic activity that has not been previously reported. These results reveal the function of a non-Pyl MttB for the first time, to our knowledge, and also a functional relationship that may underlie the evolutionary history of pyrrolysine and the large MttB superfamily. A large number of homologs of the GB methyltransferase are found encoded in available genomes and metagenomes and indicate a previously underappreciated pathway of quaternary amine oxidation to CO 2 , as also supported by the function of DSY3157 as a methylcorrinoid:tetrahydrofolate methyltransferase. This pathway is likely present in environments as diverse as the oceans, the rhizosphere, and the human colon.
Results

D.
hafniense Uses GB as a Methylotrophic Growth Substrate. D. hafniense has not previously been thought to use quaternary amines as substrates. However, GB supported growth when added to culture medium having an exogenous electron acceptor such as fumarate (Fig. S1A ). We noticed a low, but significant growth on fumarate in the absence of GB and therefore also tested inorganic electron acceptors. We found that GB also supported growth with nitrate (Fig. S1B) . Continued cultivation of GB cultures was dependent on the presence of both nitrate and GB. Yeast extract was stimulatory to growth but not essential and could not replace GB. However, CO 2 could not replace fumarate or nitrate during growth on GB, suggesting that CO 2 reduction for acetogenesis did not underlie growth on GB. Acetate was also not detected during growth.
The dependence on exogenous electron acceptors suggested that GB was serving as an electron donor; therefore, cultures were examined for possible degradation products of GB using TLC. In nitrate cultures at midlog, GB was demethylated to DMG (Fig. 2) . We measured the ratio of DMG produced to GB consumed as 0.91 ± 0.18 (n = 5). In keeping with the absence of GB reductase in the genome, we could not detect trimethylamine using gas chromatography in growing cultures. Instead, we found that GB-metabolizing cultures also produced CO 2 with a DMG:CO 2 ratio of 1.1 ± 0.16 (n = 6). CO 2 was not significantly produced when GB was not added to the medium. These results are consistent with a stoichiometry of ∼1 GB → 1 DMG + 1 CO 2 . We conclude that D. hafniense is capable of methylotrophic growth in which a methyl group of GB is oxidized to CO 2 to provide reducing equivalents for anaerobic respiration. Additionally, we noted in some cultures given lower amounts of GB (<5 mM), a compound comigrating with monomethylglycine in TLC was also detectable in late log cultures, suggesting that under some circumstances GB could be further demethylated to form monomethylglycine.
qPCR Analysis of Non-Pyl mttB Genes. Examination of the genome of D. hafniense Y51 revealed a possible pathway for conversion of a methyl group to CO 2 on a tetrahydrofolate (THF) cofactor (Fig. S2 ) but supported no route from GB to methyl-THF. However, the genomic context of the genes encoding three non-Pyl MttBs in D. hafniense supported our hypothesis that these proteins may be quaternary amine:corrinoid methyltransferases. Each nonPyl MttB is encoded in gene clusters that are potential transcriptional units and has, within the unit or nearby, a gene encoding a member of the BCCT family of proteins (2) . Additionally, each gene cluster encodes homologs of a methylotrophic corrinoid protein (30) and a methylcorrinoid:THF methyltransferase (31, 32) . Such proteins are part of the systems that initiate catabolism by Gram-positive bacteria such as D. hafniense during growth on methoxylated aromatic compounds (31, 32) .
So as to determine whether one of the non-Pyl mttB genes might be involved in GB metabolism, transcript abundance was compared by qPCR in cells grown on either pyruvate or GB. Transcripts of the mttB genes (DSY3156, DSY3648, DSY4970, and DSY4971) as well as those encoding the putative BCCT genes (DSY3149, DSY3154, DSY3643, and DSY5010) were targeted at the locations indicated in Fig. 1 . The melt curves indicated the formation of single amplified products for each gene, which was supported by gel electrophoresis. In pyruvateadapted cultures, each of the transcripts of the mttB homologs was in lower abundance than the housekeeping gene rpoB. This trend is unchanged in GB-grown cells for most mttB transcripts, the exception being DSY3156, which became more abundant than rpoB. Analysis using the 2 −ΔΔCT method (33) indicated that the DSY3156 transcript is 27-to 58-fold higher in GB-grown cultures relative to pyruvate, and this difference was significant (P ≤ 0.001). Similarly DSY3154, the predicted BCCT gene located near DSY3156, increased above rpoB levels in cells grown on GB relative to pyruvate; with DSY3154 23-to 42-fold higher in GBversus pyruvate-grown cells, and this result also was significant (P ≤ 0.001).
Transcripts encoding the other non-Pyl MttB homologs and BCCT proteins were not elevated to this extent during growth on GB. For example, DSY3648 and DSY3643 were only slightly changed with GB relative to pyruvate, with the DSY3648 having a 0.77-to 2.3-fold difference and DSY3643 having a 1.1-to 2.8-fold increase in transcript abundance compared with pyruvate. The adjacent BCCT gene, DSY3149, showed a significant induction, with GB of 2.2-to 7.3-fold compared with pyruvate (P ≤ 0.001). In contrast, expression of other mttB and BCCT genes was actually lower on GB relative to pyruvate, with DSY4970 ∼0.07-to 0.41-fold lower and DSY4971 0.15-to 0.48-fold lower. This trend is also seen with DSY5010, the BCCT transporter gene nearest DSY4971, which showed a 0.34-to 1.34-fold difference in GB-grown cells relative to those grown on pyruvate. Overall, the expression patterns supported our hypothesis and indicated that non-Pyl mttB gene DSY3156 and BCCT gene DSY3154 could play important roles during growth on GB.
DSY3156 Is a Glycine Betaine:Cob(I)alamin Methyltransferase. Proteins encoded adjacent to DSY3156 include a small corrinoid protein homologous to MttC, the cognate corrinoid protein of the pyrrolysine-containing MttB from Methanosarcina spp., suggesting that the DSY3156 protein might act to methylate corrinoid cofactors. If so, this activity would explain the up-regulation of the DSY3156 gene during growth on GB because this function would provide a path to methylate THF and thereby initiate a route to formation of CO 2 . Several different methyltransferases have been shown to methylate cob(I)alamin not bound to protein (34) (35) (36) , and, therefore, we tested the ability of the recombinant DSY3156 protein (Fig. S3A ) to methylate cob(I)alamin with various substrates. Quaternary amines such as carnitine and Change in absorbance at 540 nm and 578 nm over time for an experiment in which the assay contained 50 mM GB, and at the arrow 50 μg of DSY3156 was added to the reaction mixture.
choline did not serve as substrates, nor did tertiary amines such as dimethylglycine or trimethylamine. Instead, DSY3156 protein carries out a robust methylation of cob(I)alamin in the presence of GB. Fig. 3A depicts the changes in the visible spectrum of cob(I)alamin as it is methylated in a reaction dependent on the presence of both GB and DSY3156. The presence of a clear isosbestic point at 578 nm indicates that cob(II)alamin was not generated by adventitious oxidation to a significant extent during the reaction, and that cob(I)alamin and methylCbl were the only detectable forms of cobalamin in the assay. Therefore, the rate of the MtgB-catalyzed reaction can be quantified by the increase in absorbance at 540 nm (Fig. 3B) . No change in rate was detected when the reactions were performed under H 2 or N 2 . DSY3156 carried out the methylation of cob(I)alamin with an apparent K m for GB of 1.96 ± 0.2 mM and a V max of 1.49 ± 0.04 (Fig. S4) .
Stoichiometery of the Glycine Betaine:Cob(I)alamin Methyltransferase Reaction. Our experiments with growing cultures revealed that GB was consumed with the concurrent production of dimethylglycine as a cellular product. The methylation of cob(I)almin with GB suggested that this DMG might be produced directly by DSY3156. Assays were first conducted in which the molar ratio of GB consumed to methylCbl produced was determined as 0.98. In separate experiments, the ratio of produced DMG to methylCbl was measured as 1.04, providing strong support for an overall reaction stoichiometry of 1 GB consumed to produce 1 DMG and 1 methylCbl. We confirmed this stoichiometry in an experiment in which GB and both products were measured simultaneously by removal of samples at specific time points for TLC from a spectrophotometrically monitored reaction (Fig. 4) . Although GB was consumed, methylCbl and DMG were produced at approximately unit stoichiometry over the course of the reaction. The genomic context of DSY3156 suggested that it was the first methyltransferase in a pathway to generate methyl-THF from GB and that the DSY3157 gene may encode the predicted pterin methyltransferase needed to catalyze the second half reaction of this pathway. BLASTp alignment revealed that DSY3157 was homologous to the soluble MtrH subunit of the membranebound methyltetrahydromethanopterin:cobalamin methyltransferase complex of methanogens (37) . We therefore cloned the DSY3157 gene using the polymerase incomplete primer extension (PIPE) cloning technique (38) and heterologously expressed DSY3157 in Escherichia coli BL21 (DE3) to test this hypothesis. The enzyme had an N-terminal hexahistidine tag and was purified to apparent homogeneity by nickel-affinity chromatography (Fig. S3B) . The DSY3157 enzyme catalyzed the transfer of methyl groups from methylcobalamin to THF at an initial rate of 0.64 ± 0.03 μmol • min −1 • mg −1 as measured by the change in UV-visible spectrum (Fig. S5A) . The conversion of methylCbl to cob(II)alamin was followed by monitoring the decrease in absorbance at 525 nm (Fig. S5B ). This reaction was dependent on the presence of both THF and recombinant DSY3157.
Aliquots from spectrally monitored reactions run to apparent completion (45 min) were analyzed by reverse-phase HPLC. Reactions lacking enzyme had only THF eluting as the major peak (Fig. S5C) ; however, in complete reactions, an additional peak having the retention time noted for methyl-THF was observed (Fig. S5D) . In three separate reactions, 0.172 ± 0.003 mM methylcobalamin (calculated by ΔA 525 ) was consumed whereas 0.19 ± 0.01 mM methyl-THF was produced. No methyl-THF peak was detectable during HPLC analysis of aliquots from assays lacking enzyme, methylCbl, or THF.
Discussion
The genes encoding members of the MttB protein superfamily are often annotated in genomes and metagenomes as probable TMA:corrinoid methyltransferases. However, only genes encoding one small clade within this large family of proteins (Fig. 5) have the pyrrolysine codon that is a hallmark of bona fide TMA methyltransferases (30, 39) . This ambiguity has left the function of the non-Pyl MttB proteins an open question. Here, we show that a non-Pyl MttB is indeed a corrinoid-dependent methyltransferase, but with specificity for GB. To our knowledge, DSY3156 is the first known glycine betaine:corrinoid methyltransferase, and we propose that its gene be designated mtgB. We have also shown that the DSY3157 enzyme encoded adjacently to MtgB functions as a methylCbl:THF methyltransferase, and we propose that its gene be designated mtgA. D. hafniense Y51 is able to grow anaerobically at the expense of GB. Neither TMA nor acetate is produced as a product, consistent with the absence of genes specific for known GB reductases in the genome. This finding suggests that, unlike for many Grampositive bacteria, GB does not serve as an electron acceptor. Rather, the requirement for an external electron acceptor for growth, the demethylation of GB, and production of stoichiometric CO 2 indicates that GB provides a source of electrons for anaerobic respiration. Thus, we propose that D. hafniense grows via anaerobic methylotrophy: i.e., the oxidation of the methyl group provides reducing power for anaerobic respiration. D. hafniense now joins a small group of species known to carry out denitrification at the expense of reduced C1 compounds (40, 41) .
The discoveries of MtgB-catalyzed corrinoid methylation with GB as well as the MtgA-catalyzed methylation of THF from methylCbl provide strong support for a hypothetical pathway of GB:THF methyl transfer, which can lead to oxidation of the methyl group to CO 2 via THF intermediates (Fig. S2) . We recently obtained preliminary proteomic data from cells grown on GB or pyruvate and found that the enzymes of the oxidative methyl-THF pathway, as well as MtgB, MtgA, and the accompanying corrinoid protein (DSY3155) (Fig. S2) , are increased in abundance in GB-grown cells. These findings further support the qPCR data indicating that GB increases the transcript abundance of mtgB (DSY3156) and the putative GB transporter gene (DSY3154).
The chemistry of methyl-group transfer between GB and cob(I)alamin is not surprising, given that the quaternary amine is essentially already an activated methyl donor. However, the discovery that a member of the MttB superfamily carries out a GB-dependent methylation of corrinoid reveals a functional rationale that might underlie the evolutionary relationship between Pyl-MttB and its non-Pyl MttB homologs. MtgB lacks pyrrolysine and yet uses GB, a quaternary amine, whereas the pyrrolysine containing MttB uses a tertiary amine, trimethylamine. However, if the TMA methyltransferase MttB functions as has been proposed for other Pyl methylamine methyltransferases (26, 30, 42) , TMA would form an adduct with pyrrolysine before methyl transfer. In other words, pyrrolysine would serve to convert TMA into a quaternary amine, such as used by other MttB superfamily members such as MtgB (Fig. S6) . This hypothesis mandates further functional analysis of the superfamily because it remains to be seen whether those MttB family members closest to Pyl-MttBs have substrate specificity for quaternary amines. It is possible that the family has diversified to include quaternary amines, such as choline or carnitine, or tertiary amines such as dimethylethanolamine. The function of these non-Pyl MttBs will provide interesting context for evolutionary biologists who seek to understand the driving forces behind entrance of pyl into the MttB family of proteins.
Homologs of MtgB are found in a large number of species, with concentration in the Firmicutes and the alpha proteobacteria and with fewer examples in the gamma and delta proteobacteria. Homologs of MtgB are particularly well-represented in alpha proteobacteria. Prominent are members of the Rhizobiales family, including well-known organisms such as Sinorhizoium meliloti and Mesorhizobium loti. Rhizobiales are known users of glycine betaine, and a number of species have been shown to acquire it for osmotic control or degrade it as sole carbon and energy source (43, 44) . Bacteroids are noted to uptake GB and then either maintain or consume it depending on external salt concentration (43) . Choline is at mM concentrations in legumeroot nodules, and bacteroids induce genes to convert it to GB within legumes (45) . It has been shown that the pSym plasmids of S. meliloti carry the genes for degradation of a number of quaternary amines (46) , and a homolog of mtgB is carried on one of the pSymA plasmids in this organism. One of these homologs is under quorum-sensing control within S. meliloti 1021 (47), supporting a potential role during some stage of plant symbiosis. The betaine:homocysteine methyltransferase was suggested as a first step in the demethylation of GB for Rhizobiales (15) ; however, it has now been shown by mutagenesis of S. meliloti that this methyltransferase is likely to be an anabolic enzyme (48) , leaving the possibility that, at least under anaerobic conditions, MtgB homologs might serve this purpose in Rhizobiales. 5 . Phylogenetic tree of the COG5598 Superfamily. The evolutionary relations between the COG5598 members, or trimethylamine (TMA) methyltransferases (MttBs), are inferred with a maximum likelihood approach using the LG (81) substitution model with a discrete gamma distribution. Green coloring (light green, bacterial; dark green, archaeal) is used to highlight those proteins that are predicted to be L-pyrrolysine containing TMA methyltransferases. DSY3156 (MtgB) is found in the part of the tree colored in red.
GB is used as a compatible solute by cyanobacteria and other phototrophic bacteria, as well as by eukaryotic uni-and multicellular algae (49) (50) (51) . Thus, many microbes in marine environments acquire exogenous GB to serve as an osmolyte or degrade it during changing osmotic conditions for use as a source of nitrogen, carbon, and/or energy (7, 52) . In this regard, it is of interest that a large number of proteobacterial genera with genomes carrying homologs of mtgB inhabit marine environments. Of these homologs, the largest number of sequences can be attributed to those Rhodobacteriales within the Roseobacter clade. We identified homologs of mtgB that are found in isolated representatives of six subclades (53) of this ubiquitous major group of heterotrophs. Species have been isolated from both open-water columns or associated with eukaryotic unicellular or multicellular algae, where an enzyme having capability to use GB might be of advantage. Members of the Roseobacter clade, such as Ruggeria pomeroyi, are known to carry out one-carbon metabolism involving dimethylsulfoniopropionate (54) or TMAO (55) , and the Roseobacter-algal symbiosis is thought to involve C1 metabolism with such compounds (56) . A number of Roseobacter genera carry up to five different GB transporters (57) and have been shown to degrade GB in studies with enriched bacterioplankton from coastal regions (58) . In contrast, members of the widespread SAR11 group such as Pelagibacter ubique, known to metabolize GB (59), do not possess homologs of non-Pyl MttBs (MtgB), with the exception of an mtgB homolog identified in the hypervariable region of one SAR11 subclade of P. ubique (60) . In addition, a number of marine gamma proteobacterial genomes have been sequenced that possess mtgB homologs, including many from deep-ocean environments (61) . Finally, GB was recently found to be demethylated by some marine archaea in the methanogenic genus Methanococcoides (62, 63) . Only the genome of Methanococcoides burtonii has been sequenced and is publically available (64) , but it is the only methanogen presently known to carry a non-Pyl MttB, and it will be interesting to see whether this enzyme plays a role in quaternary amine demethylation.
In the last few years, a surprising connection has been made between microbial metabolism of quaternary amines and human health. Gut microbiota produce trimethylamine when given precursors such as carnitine, choline, or GB commonly found in meats, fish, and other foodstuffs (8, 22) . The TMA then leaves the intestine and is converted to TMAO by liver monooxygenases. Circulating TMAO correlates strongly with incidence of cardiovascular disease, which has been suggested to act as a trigger for deposition of lipids by foam macrophage, leading to atherosclerosis and subsequent risk for stroke and heart attack. Gnotobiotic mice do not produce TMA from the precursors mentioned above except when given a complement of gut microbiota, implicating microbial metabolism as essential to TMA production (8, 22) . Presumably, the anoxic microbial route to TMA includes GB reductase (65) and choline-TMA lyase (66) , as well as carnitine oxygenase (55) in the oxic portions of the digestive tract.
However, competing microbial metabolism has the potential to mitigate TMA production from quaternary amines within the intestine. For example, depletion of the GB pool by demethylation could lessen the total amount of TMA produced in the intestine. Dimethylglycine, the direct product of glycine betaine, has been identified in serum and urine and has been sometimes attributed to liver activities (67, 68) . However, we identified, at the National Center for Biotechnology Information and the Joint Genome Institute-Integrated Microbial Genomes, multiple intestinal or fecal inhabitants having MtgB homologs encoded in their sequenced genomes. One of these organisms is D. hafniense DP7 (24), a fecal isolate that shares nearly identical mtgB-containing gene clusters with the D. hafniense Y51 used in this study. This finding suggests that microbially mediated demethylation of GB via MtgB is likely to occur in the gut.
Recently a novel family of methanogens closely related to the Thermoplasmatales was described whose genomes encode pyl genes and pyrrolysine-dependent TMA, DMA, and MMA methyltransferase for the complete demethylation of TMA (69) . It has been suggested that these methanogens might serve to mediate levels of TMA in the intestine (70) . With the results we described here for MtgB, it seems possible that a non-Pyl member of the TMA-dependent methyltransferase family found in intestinal bacteria might also affect TMA levels by removing a TMA precursor: that is, glycine betaine. If so, both Pyl and nonPyl members of the MttB family could together be a means by which the deleterious effects of TMAO on human metabolism might be ameliorated.
Materials and Methods
Bacterium Strain and Growth Conditions. D. hafniense Y51 was a kind gift from Taiki Futagami (Department of Bioscience and Biotechnology, Kyushu University, Fukuoka, Japan) and was routinely cultured with a modified DSMZ 720 medium specified by the Leibniz-Institut DSMZ-Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (www.dsmz.de/home.html). The modified DSMZ 720 medium designated as MM1 uses a nonchelated SL-10 trace elements solution and lacks NaHCO 3 . The pH was adjusted to 7.2, and ultra high purity nitrogen was the sole gas phase. Potassium phosphate, pH 7.2, was added to the medium at a final concentration of 22 mM after autoclaving. D. hafniense Y51 was cultivated anaerobically in the presence of either 25 mM filter-sterilized sodium pyruvate or 25 mM filter-sterilized glycine betaine monohydrate to act as both an electron donor and carbon source. Cultures were also supplemented with 50 mM sodium fumarate or 50 mM sodium nitrate to act as an external electron acceptor. Complete MM1 was inoculated with 0.5-1.0% (vol/vol) stationary phase cultures and grown statically, in the dark, at 37°C. All O.D. values were measured at 600 nm. All chemical reagents were obtained from either Fisher Scientific or Sigma-Aldrich with a purity ≥ 98%.
Product Stoichiometry of GB Degradation by D. hafniense. Liquid and gas phase samples were taken shortly after inoculation into a total of 11 mL of MM1 medium in Balch anaerobe tubes (27 mL total volume). MM1 medium lacked sodium sulfide and was supplemented with 3 mM methionine, 3 mM cysteine, and 2 mM DTT. The tubes were also amended with 10 mM GB and 50 mM sodium nitrate. Samples were again taken when the optical density reached ∼0.1 units. Liquid samples were analyzed for GB, DMG, and MMG by TLC as described in Analysis of GB and Demethylation Products. The culture was then acidified by addition of 1 mL of 1 M HCl. Total culture carbon dioxide was then determined from gas-phase measurements using a thermal conductivity detector-equipped model 8A gas chromatograph (Shimadzu Scientific) with a Carbosieve S-II (Sigma-Aldrich) column eluted with a flow rate of 45 mL/min He with injector, detector, and oven temperatures at 120°C. Cultures incubated without GB did not produce significant amounts of CO 2 above background (determined by total CO 2 , the amount present in T 0 acidified controls). TMA and acetate were analyzed by gas chromatography as described previously (71, 72) .
Analysis of GB and Demethylation Products. The GB, DMG, or monomethylglycine present in samples was determined by TLC (73) . A total of 15 μL of standard or unknown sample was spotted onto Silica Gel 60 plates (Merck-Millipore). Plates were then developed in 80% (vol/vol) phenol in H 2 0, dried, and stained with 0.04% (wt/vol) bromocresol green (titrated to dark green with a 0.1-M NaOH solution). The plates were scanned, and then the entire image was converted to monochrome before densitometry. Standard curves were linear between 25 nmol and 125 nmol of analyte, and the volumes of unknown samples were adjusted to fit the analyte concentration within this range.
RNA Isolation and Quantitative Real-Time PCR. D. hafniense Y51 cultures were harvested at the middle of exponential phase (OD 600 circa 0.450 for pyruvate and 0.250 for betaine cultures) and centrifuged aerobically at 7,500 × g at 4°C for 15 min. RNA was extracted using a modified total RNA isolation protocol for RNAzolRT (Molecular Research Center, Inc.) involving lysing cells with RNAzolRT heated to 95°C with repeated vortexing for 5 min followed by cooling samples on ice for 5 min. RNA samples were treated for genomic DNA contamination with TURBO DNA-free DNase (Ambion). The RNA quality was evaluated and quantitated with a BioAnalyzer 2100 (Agilent Technologies) using an Agilent RNA 6000 Pico Kit according to the manufacturer's instructions. Isolated RNA samples had RNA integrity numbers (RINs) in the range of 7.9-9.1.
Gene-specific primers (Table S1 ) were generated using Primer3 (74) . Each primer was used as a query against the D. hafniense Y51 genome in a BLASTn search to ensure that only a single region of significant sequence identity was detected (75) . Each qRT-PCR (10 μL) was performed using isolated total RNA from either pyruvate or GB-grown cultures with the iScript One-Step RT-PCR Kit with SYBR Green (Bio-Rad Laboratories, Inc.). The complete master mix for each PCR containing iScript reverse transcriptase and SYBR Green RT-PCR mix was used as per the manufacturer's recommendation (Bio-Rad Laboratories, Inc.). Reactions contained 200 nM forward and reverse gene-specific primers and 10 ng of total RNA. Negative control reactions were performed by omitting either RNA or gene-specific primers. Three independent sets of samples were done in triplicate for each gene of interest and for the negative controls. The reactions were run on a CFX Connect 5200 (Bio-Rad Laboratories, Inc.) thermocycler in Hard-Shell 96-well plates (Bio-Rad Laboratories, Inc.) using the following conditions: 50°C for 10 min., 95°C for 5 min., followed by 34 cycles of 95°C for 10 s, 55°C for 30 s, and a plate-reading step before each cycle. A melt-curve analysis was also performed under the following conditions: 95°C for 10 s, and 65°C to 95°C ramp with a step increase of 0.5°C/5 s followed by a plate read before each incremental step.
The Bio-Rad CFX Manager 3.0 (Bio-Rad Laboratories, Inc.) was used to obtain and analyze the qRT-PCR run data to calculate quantification cycles (Cq) of each reaction. Cq values were averaged between triplicate reactions and then statistically analyzed between independent replicates to obtain 1σ and then normalized to rpoB using the 2 −ΔΔCT method (33).
DSY3156 and DSY3157 Production and Purification. The expression vector for DSY3156, pSpeedET_DSY3156, maintained in E. coli DH5α was obtained from the DNASU plasmid repository (dnasu.org/DNASU/). DSY3157 was cloned using the polymerase incomplete primer extension (PIPE) cloning technique (38) using the primers shown in Table S1 . The clone was made in the EC100 strain of E. coli. Both plasmids were purified from cells grown in LuriaBertani (LB) supplemented with 50 μg/mL kanamycin (Kan) using a Wizard Plus SV Miniprep kit as per the manufacturer's directions (Promega).
Chemically competent E. coli BL21(DE3) cells (Life Technologies) were transformed with pSpeedET_DSY3156 and pSpeedET_DSY3157, separately, and grown on LB agar supplemented with 50 μg/mL Kan. Five-milliliter starter cultures of E. coli containing each clone were grown overnight at 37°C with shaking and used for inoculation of 1 L of LB broth supplemented with 50 μg/mL Kan and placed into an incubating shaker at 37°C rotating at 250 rpm until they reached an OD 600 of ∼0.5. The cultures were induced with L-arabinose at a final concentration of 0.1% (wt/vol) for 4 h at 37°C shaking at 250 rpm. Cells were harvested by centrifugation at 7,500 × g at 4°C for 15 min and then washed with Buffer A (50 mM sodium phosphate, 500 mM NaCl, and 40 mM imidazole at pH 7.2) and spun at 7,500 × g at 4°C for 15 min. The wetcell weight for each culture was ∼6.5 g and was suspended in 10 mL of Buffer A before lysing the cells three times via French Press at 20,000 psi. The cell lysate was then spun at 250,000 × g at 4°C for 1.5 h, and the soluble fractions were isolated from the insoluble fractions via decanting. The cell lysates were loaded on 1-mL HisTrap columns (GE Healthcare) equilibrated with Buffer A at 0.35 mL/min and then washed with 10 mL of Buffer A before the linear gradient. A 40-mL gradient was applied to the column from 0% to 100% Buffer B (50 mM sodium phosphate, 500 mM NaCl, and 500 mM imidazole at pH 7.2) at 0.75 mL/min. DSY3156 eluted in a single peak between 70 mM and 200 mM imidazole. DSY3157 eluted in a single peak between 160 mM and 260 mM imidazole. The eluted fractions were pooled and quantitated via Bradford reagent (76) . The purity of recombinant DSY3156 and DSY3157 was assessed by SDS/PAGE (Fig. S3) . SDS-polyacrylamide gel electrophoresis was performed in accordance with the method of Laemmli with a Minislab electrophoresis system (Idea Scientific) (77) .
Spectrophotometric Assay of GB:Cob(I)alamin Methylation. Reaction mixtures were assembled in anaerobic 0.2-cm quartz cuvettes under a 2-psi stream of either H 2 (100%) or N 2 (100%) gas with the following components: 50 μg of purified recombinant DSY3156 (1.6 μM), 50 mM glycine betaine, 16.25 mM Ti(III) citrate, 1.75 mM hydroxocobalamin in 50 mM Mops, pH 6.5, in a final volume of 0.6 mL. A mixture excluding both hydroxocobalamin and DSY3156 was used to blank the HP 8453 Diode-Array Biochemical Analysis Spectrophotometer (Hewlett-Packard Development Company). Hydroxocobalamin conversion to cob(I)alamin was monitored using ΔA 540 and ΔA 578 after the addition of hydroxocobalamin. When conversion to cob(I)alamin was complete, the assay was initiated with either recombinant DSY3156 or GB injection. The reactions were performed under dim red light at 37°C for 10 min with UV-Vis spectra recorded every 30 s. The formation of methylCbl from cob(I)alamin was monitored using Δ540 with an extinction coefficient of 4.4 mM −1 • cm −1 (78) . MethylCbl was not generated in the absence of recombinant DSY3156 or GB in these assays. Assays with alternative substrates included either 50 mM tetramethylammonium ion, trimethylamine, dimethylamine, monomethylamine, dimethylglycine, monomethylglycine, γ-butyrobetaine, choline, or carnitine as substrates using solutions first adjusted to pH 6.5. The apparent kinetic parameters of MtgB were investigated by varying the GB concentration from 0.25 mM to 50 mM. Results were repeated in triplicate with three independently purified preparations of recombinant MtgB. The results were analyzed using Prism 6 (GraphPad) and fitted with a nonlinear Michaelis-Menten algorithm.
The stoichiometry of GB consumed to DMG and methylCbl produced was determined in assays as described above except containing 18 mM potassium phosphate, pH 7.0, 5 mM Ti(III) citrate, 1.8 mM GB, and 50 μg/mL MtmB in a total volume of 560 μL under an N 2 gas phase. MethylCbl formation was followed spectrophotometrically, and the reaction was terminated at a fixed time point by removal of the cuvette contents and application to an aerobic C18 1-mL Sep-Pak (Waters Corp.) that had been previously eluted with 10 mL of 100% methanol and then equilibrated with 10 mL of deionized H 2 O. The flow-through was collected, then the column was further eluted with a total of 1.4 mL deionized H 2 0. The fractions were concentrated in a rotary evaporator and quantitatively combined before final evaporation to dryness and dissolution in a measured volume of deionized H 2 O for analysis of GB and DMG by the TLC method described above. The total amount spotted on the plates was varied as necessary for the unknown to be within the linear range of the GB and DMG standard curves.
COG5598 Phylogenetic Tree and Sequence Acquisition. The DSY3156 sequenced was used as a query in a BLASTp search of the Microbial Genome database maintained at the National Center for Biotechnology Information (75) . Full-length pyrrolysine-containing proteins were identified using the same database but with a tBLASTn using Methanosarcina barkeri MttB as a query. These entire ORFs were translated to include the pyrrolysine residues and then added to the database to give 900 sequences. The larger dataset was reduced with the ElimDupes program (hcv.lanl.gov/content/sequence/ ELIMDUPES/elimdupes.html), yielding 515 sequences that were at a maximum 90% similar to each other, except all copies of MttB homologs from D. hafniense Y51 were retained. The truncated dataset was aligned with MUSCLE (79) using default setting in MEGA6 (80) . This dataset was tested for the highest Bayesian information criterion (BIC), corrected Akaike information criterion (AICc), and maximum likelihood values (InL) in MEGA6. Molecular phylogeny was inferred using the maximum likelihood method based on the LG model (81) with a discrete gamma distribution used to estimate rates among sites [five categories (+G = 3.4371)]. Gaps and missing data were given a 95% cutoff and then partially deleted from the analysis of the 515 sequences. There were a total of 439 residue positions present in the final analysis. The tree is presented with a log likelihood value of −249096.7688 and was initialized using the neighbor-joining method to a pairwise distance matrix calculated from the JTT model (82) and was computed for 1,000 bootstrap repetitions. The tree was drawn to scale with the scale bar representing 0.5 substitutions per site. A radiation tree is presented with larger groups being collapsed, with bootstrap percentages being located at nodes where applicable; those values less than 50% are hidden. Groups of interest were colored green and red, and large assignments of phylum or orders that make up groups were clustered together.
Assay of MethylCbl:THF Methylation by DSY3157. Spectral determination of the rate of THF methylation by methylCbl was performed essentially as described by Ragsdale and coworkers (83) using the photodiode array spectrophotometer described above. Briefly, spectra were collected every minute after initiation of the reaction, and the THF-dependent demethylation of methylCbl was monitored at 525 nm using Δe = 8.6 mM −1 ·cm −1 ).
Assays were conducted in a 0.2-cm path length cuvette containing 0.58 mL of assay volume at 37°C with a nitrogen gas phase. The complete assay contained 0.42 mM methylCbl, 0.87 mM THF, 6.7 mM DTT, and 22.4 μg of MtgA (Fig. S3B ) in 20 mM potassium phosphate buffer, pH 7.0. The production of methyl-THF was confirmed using HPLC. Aliquots of the spectral assays (20 μL) were injected onto a 250 × 4.6-mm Varian Microsorb MV-100 C18 column on a Dionex UltiMate 3000 HPLC system. The column was eluted isocratically with 7% (vol/vol) acetonitrile in 30 mM potassium phosphate buffer, pH 3.0, at 1 mL/min, and monitored at 272 nm. The standards included THF, which eluted at ∼9.5 min and methyl-THF (Santa Cruz Biotechnology), which eluted at ∼12.5 min in this system.
